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. Introduction
The ch e mical properties of dilute aqueo us soluti ons of hydrofluori c ac id are described [1 , 2, 3] J by th e equilibria (1) (2) in wh ic h pare ntheses indi c ate ac tiviti es of th e various c he mical species. Mos t of the evid e nce for th e pres· e nce of th e variou s s pecies involved in th e above equilibria has been obtained from s tudi es [3, 4] at hi gh co nstant ion ic stre ngth s. Unfo rtun a tely, the values for the apparent equilibrium co ns tants derived from s uc h studies are of limited use.
Th ermodyn a mi c valu es of K J and K2 have bee n reported on th e basis of pote ntiome tric [5 , 6] or conductance meas ure me nts [7] . However, there are uncertainties in th e valu es of the constants originating from the graphical approximations [5 , 6] used in the calculation s, or from the assumptions regarding the species res pon sible for the transport of c urrent [7] .
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a lanthanum Auorid e me mbran e electrode and those calculated on the basis of th e re ported ionization constants of hydroAuori c a cid. Pote ntiom etri c meas ureme nts were mad e in th e ternary syste m aF-HCl-H20 . The use of th e th ermodynamic value of KJ d erived from such meas ure ments elimin ated th e di screpanc y betwee n meas ured a nd calc ulated Au orid e ion activiti es. Th e leas t squares procedure used in th e present study obviates the un certa int ies inh ere nt to gra phi cal me thod s and permits th e es timation of e rrors on a so und stati sti cal basis.
Experimental Methods and Procedures

. 1. NaF-HCI-H20 Systems
All the che micals used in the present study were reagent grade. Stock solutions of sodium flu orid e were prepared by weighing the salt whi c h was dri ed at 100°C for 24 h; the salt was dissolved with condu ctivity water in borosilicate volumetri c flas ks and immediately transferred to polye thyle ne bottles for storage. The systems used in th e potentiometric measurements were mad e by takin g 100 ml of sodium fluoride solutions of suitable conce ntrations and adding various aliquots of standard hydrochloric acid. In this way it was possible to obtain syste ms with a wide co ncentration ran ge in both sodium fluorid e and hydroc hlori c acid. Th e es timated standard error in th e concentrati ons of sodium fluorid e and hydroc hloric acid was ± 1. 3 pe rce nt of th e amount present.
.. Potentiometric Measurements
Th e cell used in th ese measure me nts may be schematically represente d by Ag; AgCl, Cl-(O.l), F -(O.l) II LaF3 11 test solution I KC1(satd.), Hg2Cb; Hg.
The lanthanum fluoride membrane electrode has been described in the literature [8, 9] and its Nernstian behavior was confirmed in our laboratories. The calomel electrode was encased in a polytetrafluoroethylene (PTFE) jacket; only the fibre tip was in direct contact with the test solution. This precaution was indispensable to obtain reproducible measurements. The measurements were made with a commercially available pH meter (claimed relative accuracy ± 0.1 m V). Polyethylene beakers containing the solutions and the electrodes were thermostated in a water bath at 25 ± 0.05 °C. The solutions were constantly stirred with magnetic stirrers except during the measurement. Precautions were taken to minimize evaporation and contamination with the atmosphere. A reading was considered to represent equilibrium conditions when the EMF remained constant, within ± 0.1 m V for about 20 min. A minimum of three such readings were obtained for each system. For the purpose of calculations a conservatively estimated standard error of 0.15 m V was adopted.
Measurements of pH with glass and calomel electrodes were made only on the standard sodium fluoride solu· tions (pH values above 6.2). No reliable measurements of pH could be obtained in the NaF-HCI-H20 systems, presumably because of the attack of hydrofluoric acid on the glass electrode. The ionic strengths of all the systems were in the range of 0.008 to 0.03 M.
Calculative Procedures
As mentioned in the introduction, discrepancies were observed in this study between the measured fluoride ion activities, (F-)," , and those calculated, (F -) c, on the basis of the available ionization constants for hydrofluoric acid. In the next two sections , details will be given concerning the methods used to derive these activities. The statistical procedure used for the estimation of [(\, on the basis of the potentiometric measurements reported here, will be given in section 3.3. The activity of hydrogen ion appearing in eq (4) was calculated from
The ionic activity coefficients were calculated from the Debye-Hiickel equation /i=exp vl) ) (6) in which A and B are temperature dependent constants, Zi is the valence of the ith ion and ai is its ion size parameter. 2 The calculations were performed by an iterative procedure in which initial values of unity were taken for all J;; approximate solutions for eqs (3) and (5) and their substitution into eq (4) yielded an approximate value of J which was then used to obtain Ji from eq (6).
The new values of J; were cycled in a similar fashion until convergence in the value of J, which required from 3 to 4 cycles .
Measured Fluoride Ion Activities
Fluoride ion activities, (F -) s , for the standard sodium fluoride solutions were calculated from the quadratic equation
Fluoride ion activities in the systems NaF-HCI-H20
were calculated from the cubic equation Ji represent molar ionic activity coefficients; in this paper subscripts 1, 2, 3 and 4 refer to the species F -, HF2, H +, and OH-, respectively. In the present calculations it was assumed that It =/; and that the activity In the pH range of these solutions (6.2 to 6.8), differences of up to 30 percent in the values of K, and K2
do not affect the calculated fluoride ion activities in the standard sodium fluoride solutions. Standard curve was obtained by least squares fitting of the equation
, 2 ~h e ~alu es used for A and 8 in eq (6) were 0.5115 and 0.3291 X 108 [ 11 ] . respec tively.
rhle I~~ s ize p a~a m~t e r s we r,e (I I = (1 2 = a.1 = 3:5 X 10 -8 e m a nd (/ 3 = 9 X IO-1! e m [12] .
~ hi S equ a tion IS u se,d ll~st ea? of equati on (3) b ecau se th e valu es for (H +) are readil y o Lt alllcd fro m pH de te rminatIOn s mlh e s tandard s olutions.
in which Es represents pote ntial measurem e nts of the s tandard solutions and a and b are the parameters to be estimated. In table 1 typi cal results for the potential measurements in standard sodium fluoride solutions are given. The concentrations of th e standard solutions c ove red a range 1 X 10-1 to 2.5 X 10-5 molar in sodium fluoride. When eq (8) was fitted to the data in table 1, the best estimates of the parameters obtained were a =-173.032 ± 0.176 and b =-57 .9066 ± 0.0610. Freque nt checks were made to ascertain the invariability of these parameters; these were found to be constant for the course of the experiments re ported in this paper. a Activiti es of standard sodium Au o rid e soluti on s we re ca lc ulated from eq (7). Lin ea r leas t squares fittin g of eq (8) Fluoride ion activities in th e sys te ms NaF-HCI-H20 were obtained from th e pote nti al meas ure me nts, EIII , by the use of equation
Estimations of the variances, (T~F -)m' were obtained from Ref. [13] in which (12) In eq (12), i and j a re th e number of measureme nts per sample and th e_ number of points in the standard curve respectively ; Es is th e mean value of the pote ntial measure me nts for the s tandard c urve, and (Tt is the variance in the parame ter b as obtained from the least squares fittin g of eq (8).
The calculated s ta ndard e rrors , (T( F-)m' for all the sys te ms lay be twee n 0.65 and 0.70 percent of th e meas ured activity.
Least Squares Procedure for Estimation of the Equilibrium Constants
This procedure entails the s imultaneo us adjustment of the weighted observables -i. e ., [Fh, [Hh, and (F -) III -and the determination of tw o param e te rs whi c h yield best estimates of KI a nd K2• Th e main features of the method follow the ge neral leas t s quares adju s tment discussed by Deming [14] and they are s imilar to those reported in connec tion with the calculation of diffusion coefficients [15] . Th e adju s tm e nt of th e observables was made s ubj ec t to th e condition fun ction 1;,
In eq (13) , filii is de fin ed by
a nd it is a fun cti on ofte n used inion associati on s tudi es [3, 16] . Th e te rm fi"is a n alternative definition 111-volving th e equilibrium co ns tants KI and / (2, (15) Th e weights of th e observ ables we re calculated from
., (Tobs (16) in whi c h (Tobs is th e s ta ndard dev iatio n for th e obse rvable in qu es tion and (Tint is a n arbitrary constant conveni e ntly selected for calculating purpos es. Th e aim of the procedure is to co mpute adjustments of the obse rvables and the correc tion s for th e initI al es timates of the equilibrium constants in s uc h a way that (17) in which kl and kz are th e final es timates of th e equilibrium constants and the starred quantities re prese nt adjusted observables. The adjustment of th e observabIes is done subject to th e criterion that the weighted sum of squares of th e residuals (o bserved valueadjusted value) be a minimum.
The procedure is an ite rative one in whi c h ne w estimates of th e equilibrium constants are s ub stituted as initial es timates until th eir valu es conv erge to a co ns tant valu e. Al so, it allows one to ca lc ul a te the s tandard errors in the final es timates of the equilibrium co nstants.
Although the calculations based upon thi s procedure are of a general nature and permit the es timation of best values (in the least squares se nse) for KI and K2, in the concentration ranges used he re, there was significant information only about K J • For this reason, a fixed value of 3.86 for K2 [5] was adopted and the least squares procedure was applied to estimate K,. As shown in section 5, the best estimate for KJ de· rived from the present data is relatively insensitive to substantial variations in the value of K2• In the iterative procedure described in this section, each new estimate of KJ was used to recalculate the ionic species distribution, ionic strength, and activity coefficients. The total number of cycles, using KJ = 6.71 X 10-4 as an initial estimate, was from 6 to 7, over the whole concentration range.
Results
The measured fluoride ion activities together with concentrations of sodium fluoride and hydrochloric . acid are shown in table 2.
The quantity R (5th column of table 2) is defined as R = (F-)II./(F-)C' i.e., the ratio of the fluoride ion activity measured with the lanthanum fluoride memo brane electrode to the activity calculated from eq (3) in section 3.1. The equilibrium constants given by Broene and DeVries [5] were used for this calculation. It is apparent that as the concentration of hydro· chloric acid increases relative to that of sodium fluoride the value of R departs substantially from unity. As indicated in the Discussion, the most probable cause for the departure of R from unity is the value of KJ used in the calculation of (F-)c' Similar calcula· tions were made using the value of KJ reported here (table 3) ; the ratio in this case is represented by R *, last column of table 2. The values of R* are in general close to unity; their departure from unity are anticipated on the basis of the experimental errors in the observables.
Adjusted values of the concentrations for sodium fluoride, hydrochloric acid and measured fluoride ion activities are given in table 3 together with the ionic strength calculated from these adjusted quantities. A comparison with table 2 shows that the adjustments were very small and well within experimental errors in the measurements. The values for K, given in column 6 of table 3 were obtained for each individual system using the activities calculated from adjusted observa· bles in eq (1) . For this purpose an iterative procedure was used in which an initial distribution of ionic species was obtained from the values of adjusted observables and the best estimate of K, obtained from the least squares adjustment; the ionic strength was recalcu· lated and a new value for KJ was obtained from eq (1); this process was recycled until convergence in the value of the constant.
The near constancy for the value of Ie in all the sys· tems and the closeness of these values to that of the overall estimate of K, further substantiates the soundness of the statistical treatment of the data.
The best estimate of Ie as obtained from the least squares adjustment on 46 systems is given at the bottom of column 6 in table 3. The calculation of the error 208 associated with this value (sect. 3.3) takes into con· sideration all the experimental errors in the observa· bles. Thus, the small magnitude of the error in K, reflects the reliability of the experimental data and the validity of the physical model, eqs (1) and (2) .
The function nlll is plotted against the logarithm of the fluoride ion concentration in figure 1 . The points in the figure appear to describe a smooth function; how· ever, since the ionic strength was not the same in all the systems, trends in families of points are discernible a Best es tim a te fo r K , a nd its st a nd a rd e rro r as o bta in ed by leas t squares proce dure. Fixe d valu e of K, = 3.86. . in this plo t. Th e maximum value of the fi,lI was 0.922 ; reliable inform a ti on on th e valu e of Kz c an be obtaine d onl y fro m syste ms with fi lii valu es in th e neighborhood of 1.5; thi s would require high conce ntration s of sodium fluorid e and hydroc hlori c acid a nd the calculation of ionic activity coe ffi cie nts would be questionable.
Discussion
The lack of agreement be twee n the calculated fluoride ion activities and th e meas ure ments re ported here must be attributed to the valu e of th e cons tant KJ used in the calculations and not to the m eas ure me nts, bec ause : (a) the specific flu orid e electrod e used in this investigation displays a normal beh avior in sta nda rd solutions at relatively high pH as well as in a cidi c solution [6, 8] ; (b) th e c ontribution of liquid junc ti on potential 3 to the pote ntial m e as ure m ents in the standard NaF soluti o ns and th e dilute NaF-H Cl-H2 0 sys.: te rn s s hould be a pproxima tely constant sin ce id e nti cal cell s and dilute solutions we r e used in thi s s tud y; th e stand ard c urves, e quati on (8), should a bsorb thi s co ntribution and it sho uld not be re fl ecte d in the flu oride ion a c tiviti es, (F -)m, obtained fro m e q (10); (c) th e highes t ioni c stren gth in the present syste ms was 0.0292 M; for thi s re aso n the De bye -Hii c kel theor y e q (6), used in th e c alc ulation s, should be quite ade quate for the calculation of I i; (d) the relatively low stand ard errors in th e observa bles vouc h for th e qu ality of the experime ntal data.
Although both the valu es of KJ a nd Kz are involve d in th e calculations of th e fluoride ion activity, only th e form er affects the valu e of (F-)c in the experim e ntal ranges re po rte d her e. Indee d , wh en the valu e of KJ o btained fro m th e le as t squares procedure was used to calculate th e flu orid e ion activity, the di scre pa ncies we re eliminated (see valu es for R* in ta ble 2). In thi s connection it is pertin e nt to menti on th a t , wh e reas forty-two values of R (o ut of forty-six) are signifi cantl y differe nt from unity a t th e 0.05 confiden ce le vel , only four values of R* are signifi cantly differ e nt from unity. F or the signifi can ce test (two sided norma] test), th e e rror in (F-)III was obtain ed as explain e d in section 3.2 and the error in (F -)c was obtaine d by propagati on [17] in eq (3).
The ge ner alized leas t squ ar es procedure describ ed in section 3.3 c an be appli e d to the prese nt data for the simultaneous es timation of th e e quilibrium co nstants. Whe n thi s was don e, th e best es tim a tes for KJ and K2 were 5.91 ± 0.04 X 10-4 a nd 8 ± 2, res pectively. Whe reas the value of KJ obtaine d in thi s fas hion is in re asonably good a gree me nt with th a t re po rted in table 3, the es timate for Kt is s ub s ta ntially diffe re nt from that used in the re po rte d c alculati o ns. Thi s is a clear indi c ation that th e exp erim e ntal da ta ar e inade qu ate for th e es tim atio n of a reliable value for Kz. S uc h a limita tion is to be a nti cip a te d o n the bas is of the values of fi lii ca lc ul a te d fro m th e experim e ntal da ta and plotte d in fi gure 1. In ph ysical term s, the experim e ntal sys te ms ar e e$se nti ally defin e d by the :' T he Iype of, ce ll s lI sed in thi s stud y have a l i~u i d ju nctio n form ed by a co nt act bet wee n sat urated KC I In th e refe re nce e lec trode a nd th e test solu ti on. A liqui d junc ti on pote ntia l arises beca use of t he diffe rent na ture of t he e lectrolytes at the t wo boun da ries of t he junclio n [Bates. R. C .
• De te rmin a tion of pH Theo ry land Practice. C hap te r 3 (Jo hn Wil ey and So ns. In c., New York , New Yo rk , 1965)J.
Experiments with similar ioni c strength s are repre sented by the sa me sy mbol.
equilibrium given in eq (1) . For this reason substantial changes in the value of K2 should not affect significantly the best estimate of K1• Broene and De Vries reported [5] a value of 6.71 X 10-4 for Kl, obtained from EMF measurements using a lead fluoride electrode. The calculations involved graphical approximations. In addition, the solubility oflead fluoride is sufficient [18] to open to question their measurements at least in the most dilute systems. Ellis reported [7J a value, 6.60 X 10-4, for KJ calculated from conductance data. In his calculations, Ellis had to make questionable assumptions regarding the ionic species responsible for the current transport. Recently, Vanderborgh has reported [6] a value of 6.46 X 10- 4 for K J , calculated from EMF measurements using a lanthanum fluoride membrane electrode. This value was obtained by extrapolation to zero ionic strength of apparent equilibrium constants at finite ionic strengths. However, the plot used for this purpose ( fig. 1 in ref- ence [6 J) is in error. The values for the apparent equilibrium constants given by Vanderborgh (table 1 in reference [6 J) are plotted against the square root of the ionic strength in figure 2 ; the full line is a least squares fit of this data. It is apparent that the inter· cept of this line, pKJ = 3.21 ± 0.03, which corresponds to a value of KJ = 6.17 ± 0.43 X 10-4, is in reasonable agreement with the value of KJ, 5.85 ± 0.03 X 10-4, reported here. Furthermore, if the point corresponding to Vi = 0.224 in figure 2 is disregarded then the remaining three points extrapolate even closer to the value obtained in the present study at zero ionic strength (shown by the open square). This agreement substantiates the validity of the assumption used in this study regarding the liquid junction potential since in both Vanderborgh's and the present investigation the potential measurements were made using com· parable cells except that the liquid junction potentials were eliminated in his study by a special experimental design. -, points from table 1 of reference [6] ; D . pK1 = 3.23 co rresponding to the value Ki=S.85 X 10-4 re ported in thi s paper.
